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ABSTRACT

Background

Donor T lymphocytes are directly responsible for graft-versus-host disease. Molecules impor-
tant in T-cell function may, therefore, be appropriate targets for graft-versus-host disease thera-
py and/or prophylaxis. Here we analyzed whether nuclear factor-k B inducing kinase might
have a role in graft-versus-host disease.

Design and Methods

We studied the expression of nuclear factor-k B inducing kinase in human samples from
patients with graft-versus-host disease. We also explored the effect of nuclear factor-k B induc-
ing kinase in a murine model of graft-versus-host disease using donor cells from aly/aly mice
(deficient in nuclear factor-k B inducing kinase) and C57BL/6 mice (control).

Results

We detected expression of nuclear factor-k B inducing kinase in T-lymphocytes in the patho-
logical lesions of patients with acute graft-versus-host disease. Mice transplanted with aly/aly T
lymphocytes did not develop graft-versus-host disease at all, while mice receiving C57BL/6 cells
died of a lethal form of the disease. Deficiency of nuclear factor-k B inducing kinase did not
affect the engrafting ability of donor T cells, but severely impaired their expansion capacity
early after transplantation, and aly/aly T cells showed a higher proportion of apoptosis than did
C57BL/6 T cells. Effector T lymphocytes were the T-cell subset most affected by nuclear fac-
tor-k B inducing kinase deficiency. We also detected lower amounts of inflammatory cytokines
in the serum of mice receiving aly/aly T cells than in the serum of mice receiving C57BL/6 T
cells.

Conclusions
Our results show that nuclear factor-k B inducing kinase has a role in graft-versus-host disease
by maintaining the viability of activated alloreactive T lymphocytes.
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Introduction

Hematopoietic stem cell transplantation from an allo-
geneic donor is the only curative option for many patients
with leukemia, primary or acquired marrow failure, pri-
mary immunodeficiency syndromes or inborn genetic
diseases.! Over 25,000 patients undergo allogeneic
hematopoietic stem cell transplantation each year,’ a
number that would greatly increase if clinicians could
control one of its major complications: graft-versus-host
disease (GVHD). GVHD is the result of the donor’s
immune cells attacking the recipient’s organs,® and is the
cause of severe morbidity and mortality. Steroid therapy
is the current first-line option for treating patients with
GVHD,* but can fail in up to 30-40% of cases. GVHD
refractory to steroids is an unresolved clinical challenge
that imposes a costly toll not only on survival but also on
the quality of life of patients. Thus, one of the main
objectives in transplantation is to identify new therapeu-
tic targets for the development of novel effective drugs for
the prophylaxis and treatment of GVHD.

Donor T lymphocytes play a major role in the patho-
physiology of GVHD.’ Following infusion into the recipi-
ent and alloantigen presentation by antigen-presenting
cells, donor T cells undergo activation and then clonally
expand. Donor T cells induce damage to target organs
either directly through cytolytic attack, or indirectly
through the release of inflammatory mediators.
Interleukin (IL)-2 and tumor necrosis factor (TNF)-a lead
to cellular activation as well as local tissue damage.
Alloreactive T-cell responses amplify the systemic inflam-
mation responsible for many of the characteristic causes
of transplant-related mortality. Thus, a major line of ther-
apy has been the use of immunosuppressants that can
interfere with T-cell activation.”

The nuclear factor-k B (NF-kB) family of transcription
factors plays a role in human immune and inflammatory
diseases. NF-kB is found constitutively activated in sever-
al inflammatory diseases such as rheumatoid arthritis,
inflammatory bowel disease, multiple sclerosis, asthma
and psoriasis.”"” NF-xB inhibition has been proposed as a
target for the prevention of GVHD." The NF-kB pathway
in alloreactive T cells is required for T-cell activation
events including IL-2 transcription and may, therefore, be
involved in GVHD."” NF-kB proteins, p50 (NF-kB1), p52
(NE-kB2), p65 (Rel-A), Rel-B and c-Rel, form homodimers
and heterodimers in the cytoplasm, which are
sequestered by inhibitors of NF-kB (IkB) molecules. IxB
kinase phosphorylates IkB molecules, which are then
ubiquitinated and degraded by the proteasome, resulting
in the translocation of active NF-kB heterodimers to the
nucleus and activation of target genes. These activated
genes include genes coding for cytokines, chemokines,
adhesion molecules, metalloproteinases and HLA mole-
cules, all of which have known roles in immune and
inflammatory processes. The canonical NF-kB pathway
can be initiated by different stimuli (viruses, inflammato-
ry cytokines, mitogens, T-cell receptor signaling), which
activate IkB kinase. A different way for NF-xB activation
is known as the alternative or non-canonical pathway."
Members of the family of TNF receptors (LTBR, CD40,
BAFFR, RANK) and some viruses (Epstein-Barr virus,
human immunodeficiency virus) trigger the alternative
pathway through activation of NE-kB inducing kinase
(NIK), which results in the processing of p100 into p52.

- C. Sanchez-Valdepenas et al.

These two activation pathways modulate NE-kB activity
depending upon the cell type and the nature of the stim-
uli. Besides, it has been reported that NIK may link both
pathways of NF-kB activation."

T lymphocyte proliferation and IL-2 production in
response to anti-CD3 stimulation were impaired but not
abrogated in NIK-deficient cells, and these effects were
related to a diminished NE-kB activity.”” CD28 co-stimu-
lation partly restored this deficiency. We recently found
that NIK has a role in T lymphocyte activation, regulating
the production of IL-2 through the activation of the CD28
responsive element (CD28RE) of the IL-2 promoter.® This
effect takes place through the phosphorylation of the c-
Rel C-terminal transactivation domain by NIK. In the
light of the crucial role of IL-2 in GVHD,” we addressed
the role of NIK in GVHD, using primary human samples
and a murine model of the disease.

Design and Methods
Cells

Peripheral blood samples were drawn from children diagnosed
with GVHD at Nifio Jesiis University Hospital (Madrid, Spain),
under an Institutional Review Board-approved protocol.
Mononuclear cells were obtained after centrifugation over Ficoll
(Ficoll-Plaque PLUS, GE Healthcare Bio-Science AB, Uppsala,
Sweden). T lymphocytes were purified using an immunomagnet-
ic method (CD3 or CD8 beads, or a pan-T-cell isolation kit,
Miltenyi Biotec, Bergisch Gladbach, Germany). Murine T lym-
phocytes were purified from total splenocytes with the pan-T-
cell isolation kit (Miltenyi Biotec). When indicated, samples were
depleted of CD44-positive lymphocytes by negative selection
with anti-CD44 (IM7) antibody (BD Bioscience). Carboxyl fluo-
rescein succinimidyl ester (CESE; Molecular Probes, Eugene,
Oregon, USA) was added at a final concentration of 2 wM follow-
ing the manufacturer’s recommendations. Murine marrow cells
were flushed from the femora.

Flow cytometry

Anti-mouse monoclonal antibodies were purchased from BD
Biosciences: anti-mouse H2D? (clone 34-2-12), anti-mouse H2D"
(clone KH95), anti-mouse B220 (clone RA3-6B2), anti-mouse
CD3 (clone 145-2C11), anti-mouse CD4 (clone RM4-5), anti-
mouse CD8 (clone 53-6.7), anti-mouse NK1.1 (clone PK-136),
anti-mouse CD44 (clone IM7), anti-mouse CD62L (clone MEL-
14). Human anti-NIK antibody was from Santa Cruz (H-248
clone, Santa Cruz Biotechnology, Heidelberg, Germany).
Annexin-V and 7-amino-actinomycin D were from BD
Bioscience. Cells were acquired and analyzed with an EPIC XL
(Beckman Coulter, Fullerton, CA, USA) or a FACS Canto II flow
cytometer (BD Bioscience). Inn vivo T lymphocyte cell apoptosis
was determined by detection of positivity for annexin V staining.

Immunohistochemistry

Skin and colon biopsies were obtained for diagnostic purposes,
and the remaining were used for NIK staining, after informed
consent under the Institutional Review Board-approved protocol.
Biopsies obtained from patients with histological grade II acute
GVHD were stained for NIK (A-12, 1:100, Santa Cruz
Biotechnology). An automated staining system (Dako
Autostainer, DakoCytomation, Denmark) was used in combina-
tion with a two-step peroxidase-labeled polymer system
(Envision System, Dako, Denmark). A negative control was gen-
erated by substituting the primary antibody with buffer-specific
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antibody adsorbed with antigen. Human adrenal gland tissue
was used as a positive control.

Murine model of graft-versus-host disease

Balb/c (H2D?) and C57BL/6 (H2D") breeding pairs, originally
obtained from the Jackson Laboratory (Bar Harbor, ME, USA),
were bred at the CIEMAT Laboratory Animals Facility
(Registration Number 28079-21 A). Aly mice (aly/aly, H2D") were
purchased from Clea Japan. Mice were routinely screened for
pathogens, in accordance with recommendations from the
Federation of European Laboratory Animal Science
Associations. All animals were handled under sterile conditions
and maintained in euro-standard type II microisolator cages,
with a maximum of five mice in each. All experimental proce-
dures were carried out in accordance with to European and
Spanish laws and regulations (European convention ETS 1 2 3,
about the use and protection of vertebrate mammals used in
experimentation and other scientific purposes and Spanish law
32/2007 and R.D. 1201/2005 about the protection and use of
animals in scientific research). Procedures were approved by the
CIEMAT Animal Experimentation Ethical Committee according
to all external and internal biosafety and bioethics guidelines.
Before transplantation, 8- to 12-week old mice underwent total
body irradiation with 9 Gy of X-rays (300 kV, 10 mA; Philips
MG-824, Hamburg, Germany). For long-term experiments,
lethally irradiated Balb/c mice were transplanted with 10x10°
marrow cells plus splenocytes (either total or purified T lym-
phocytes) containing 2x10° CD8 cells from donor mice
(C57BL/6 or aly/aly mice). For short-term experiments (5 days),
lethally irradiated Balb/c mice were transplanted with purified
T lymphocytes containing 2x10° CD8 cells from donor mice
(C57BL/6 or aly/aly mice).

Cytokine determinations

Balb/c mice that received either aly/aly or C57BL/6 T lympho-
cytes were bled at the indicated time-points before being sacri-
ficed. Serum samples were used for quantification of Th1 (IL-2,
IL-12, IEN-y, and TNEF-o), Th2 (IL-4), IL-10 and IL-6 cytokine lev-
els. We used cytometric bead array technology (CBA Flex Sets,
BD), following the manufacturer’s reccommendations. The detec-
tion limits for each cytokine were as follows: IL-2, 5 pg/mL; IL-
4, 5 pg/mL; IL-6, 1.4 pg/mL; IL-10, 9.6 pg/mL; IL-12, 5 pg/mL;
IEN-y, 2.5 pg/mL; and TNF-a, 6.3 pg/mL.

Statistics
The non-parametric Wilcoxon rank-sum test, also known as

NIK in graft-versus-host disease -

the Mann-Whitney two-sample statistic, was used for compar-
isons of quantitative variables between aly/aly and C57BL/6.

Results

Expression of NIK in human graft-versus-host disease

To evaluate whether NIK might play a role in GVHD in
humans, we first analyzed the presence of the NIK protein
in samples obtained from children who developed acute
GVHD after allogeneic hematopoietic stem cell transplan-
tation. All patients were receiving prophylactic
cyclosporine at the time of analysis. A majority of circulat-
ing T lymphocytes in patients with acute GVHD
expressed NIK while T cells from engrafted patients with-
out GVHD did not. These results were observed in both
CD4 and CD8 T cells and in all the patients tested (Online
Supplementary Table S1). More importantly, we found that
the T lymphocytes infiltrating the typical pathological
lesions of actue GVHD in the skin and colon expressed
NIK (Figure 1). These in vivo results suggest that NIK may
play a role in T lymphocyte function during acute GVHD
in humans.

Functional NIK deficiency completely prevents the
development of graft-versus-host disease in a fully
mismatched allogeneic transplant murine model

The above data from human samples suggested a role of
NIK in the function of alloreactive T cells during acute
GVHD. To corroborate this, we explored the effects of
suppressing NIK activity in a model of GVHD in mice. In
this model, H2D" T lymphocytes transplanted into fully
mismatched H2D? recipients mount an alloreactive reac-
tion that results in a lethal form of the disease. Mice that
received major histocompatibility-mismatched lympho-
cytes with functionally active NIK developed a severe
form of acute GVHD with full symptoms (hunched pos-
ture, ruffed fur, bloody diarrhea and cachexia) and died in
the third week after transplant. In contrast, mice trans-
planted with T lymphocytes obtained from aly/aly NIK-
mutant donors survived (follow-up of 3 months) and did
not develop GVHD (Figure 2). Histopathological analysis
of skin, gut and liver of these surviving mice showed no
sign of GVHD (Online Supplementary Figure S1).

Since the proportions of lymphocyte subpopulations
differ between aly/aly and C57BL/6 donor mice (Online
Supplementary Figure S2A), we adjusted the cell doses so

Figure 1. Expression of NIK in human graft-versus-host disease (GVHD). (A) Skin and (B) colon biopsies of a patient with acute GVHD. T lym-
phocytes positive for NIK expression were identified by immunohistochemical staining with an anti-NIK monoclonal antibody. Positive T lym-
phocytes are recognized by a dark-brown cytoplasmic and nucleic stain. (C) A biospy taken from a patient negative forGVHD showing no pos-
itive signal within the T lymphocytes, but only a slight background stain. The darkest spots correspond to melanophagocytes.
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that recipient mice received the same number of T lym-
phocytes. We determined the proportions of naive T lym-
phocytes in the inoculums, since it has been shown that
only naive T cells cause GVHD in this model.”"* No dif-
ferences in the proportions of CD62L*CD44 naive T lym-
phocytes were detected between aly/aly and C57BL/6
mice (Online Supplementary Figure 2B). We also determined
the amount of NKT cells in donor marrow and spleen,
since it has been reported that NKT cells play a regulatory
role in GVHD" and aly/aly mice have lower numbers of
NKT cells in the marrow and spleen.” Aly/aly marrow cells
contained a lower proportion of NKT cells than did
C57BL/6 marrow cells, but the opposite was seen in the
spleens (Online Supplementary Figure S2C). The differences
observed in GVHD could not, therefore, be ascribed to dif-
ferences in the number of major cell types infused.

Functional NIK deficiency prevents the initial
alloreactive clonal expansion of T lymphocytes in vivo
Next, we investigated why aly/aly T cells failed to
induce GVHD in vivo, analyzing the fate of the infused T
lymphocytes in the early days after transplantation.
CD44"e effector/memory aly/aly T lymphocytes, but not
their wild type NIK T counterparts have been reported to
have a suppressive action over the hyperproliferative
CD44"" naive T cells.” To avoid this effect, we transplant-
ed purified CD44-depleted (naive) T lymphocytes from
either C57BL/6 or aly/aly donors into Balb/c mice (Figure
3A for details). By doing this we could assess the direct
role of NIK in the cell population responsible for
GVHD,""* without the interference of suppressor cells.”
Recipient Balb/c mice were sacrificed at 36 h and at 120 h
post-transplant. The percentages and absolute numbers of
donor T lymphocytes recovered from the spleens were
calculated by flow cytometry and cell counts. We found
the same numbers of donor T cells independently of the
cell source, 36 h after transplant (Figure 3B). This suggest-
ed that naive aly/aly T lymphocytes had the same capacity
for engrafting into the spleens as their C57BL/6 counter-
parts. As expected, C57BL/6 T lymphocyte numbers
increased significantly in the following days, as a result of
the clonal expansion of alloreactive T cells.”” We found
that T lymphocytes from aly/aly mice expanded, but to
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Figure 2. GVHD across the major histocompatibility complex barrier
did not develop with NIK-deficient T lymphocytes. Survival analysis
of Balb/c mice transplanted with C57BL/6 or aly/aly cells (10" mar-
row cells plus splenocytes containing 2x10° CD8 cells). Results
shown are from two independent experiments, with a total of 12
mice per group.
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much lower levels than those seen with C57BL/6 T cells
(Figure 3B). We also found the same expansion deficit in
two independent experiments started with purified, but
not CD44-depleted, T lymphocytes. The expansion defect
was found both in CD4 and in CD8 aly/aly T lymphocytes
(Online Supplementary Figure S3).

Upon transplantation into mismatched recipients, naive
T lymphocytes generate effector and memory T cells.”
Interestingly, NIK deficiency did not affect different T
lymphocyte subsets to the same extent. The population of
effector T lymphocytes (CD44"*CD62L™%) was the most
affected in terms of cell expansion (Figure 3C), while the
expansion of the central memory (CD44"*CD62L"") T
cells was less severely impaired.
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Figure 3. T-cell expansion early during acute GVHD is impaired in
aly/aly mice. (A) Purified T lymphocytes from spleens (Pre) were
depleted of CD44-positive cells by immunomagnetic methods. The
purity of depleted cells was assessed by flow cytometry (Post). (B)
Donor T lymphocyte numbers recovered from the spleens of Balb/c
mice transplanted with T cells (as explained in A) from C57BL/6
(solid bars) or aly/aly (open bars) mice. Note that Y labels are dif-
ferent at each time point analyzed. Representative of three experi-
ments. (C) Total numbers of donor naive (N), central memory (CM)
and effector (E) T lymphocytes recovered from the spleens of Balb/c
mice transplanted 120 h before with T cells (as explained in A) from
aly/aly (open bars) or C57BL/6 (solid squares) mice. Each subpop-
ulation is shown in more detail below. Results show the mean %
standard error, three mice per group. *P<0.05. **P<0.01.
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Functional NIK deficiency is dispensable for
lymphocyte T proliferation but is required
for survival in vivo early after activation

The results in Figure 3 show that T-cell alloreactive
expansion was significantly diminished in the absence of
fully functional NIK. One possible explanation for this
may be that the proliferation of aly/aly T lymphocytes is
impaired compared to that of controls. To test this
hypothesis, in a different experiment we studied in vivo T-
cell divisions as a means for evaluating cell proliferation.
CFSE-labeled T lymphocytes from aly/aly mice (and
C57BL/6 as controls) were infused into lethally irradiated
Balb/c mice, and the recipient mice were sacrificed at 36 h,
72 h or 5 days after transplant. The kinetics of donor T-cell
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Figure 4. T-cell proliferation is maintained but apoptosis is
enhanced early during acute GVHD in aly/aly mice. (A) Dilution of
CFSE in donor T lymphocytes recovered from the spleens of Balb/c
mice transplanted with purified T cells from aly/aly (top) or
C57BL/6 (bottom) mice. Histograms represent CFSE intensity gated
on donor cells. Representative of a single animal per group. (B)
Proportions of annexin V-positive donor T lymphocytes recovered
from the spleens of Balb/c mice transplanted with T cells from
C57BL/6 (solid bars) or aly/aly (open bars) mice. Results shown are
from two independent experiments, mean + standard error, six mice
per group per time point. *P<0.05.
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recovery again showed impaired expansion in aly/aly T
lymphocytes in the first 5 days after the transplant.
Dilution of CFSE was used to monitor T lymphocyte pro-
liferation in vivo. We found that aly/aly and BL6 T lympho-
cytes displayed a similar relative proliferation efficiency
during the first 5 days after transplantation. Most of the T
lymphocytes that had engrafted into the spleens at 36 h
post-transplant had either not divided or had undergone
one cell division (Figure 4A). By 72 h, most of the donor
lymphocytes in the spleens had divided, and practically all
donor T lymphocytes recovered from the spleens 5 days
after transplantation had undergone at least one division.
This was detected in both CD4 and CD8 T lymphocytes.

An increased rate of apoptosis of proliferating aly/aly T
cells could account for the differences in the final total
numbers. We, therefore, studied the kinetics of donor
lymphocyte apoptosis along the first days after transplant
and found that the proportions of apoptotic aly/aly T lym-
phocytes were higher than those of C57BL/6 lymphocytes
(Figure 4B). This was found both in CD4 and in CD8 T
lymphocytes (data not shown). These differences disap-
peared at later time points after transplantation.
Therefore, proliferating aly/aly T lymphocytes had a high-
er rate of apoptosis early after transplant compared to that
of C57BL/6 T lymphocytes.

Impaired inflammatory cytokine production
in the absence of functional NIK

We also quantified the levels of several cytokines in
serum samples of Balb/c mice transplanted with aly/aly
versus C57BL/6 T lymphocytes. IEN-y levels at 36 h were
higher among mice transplanted with aly/aly T cells than
among those transplanted with C57BL/6 cells. The levels
of inflammatory circulating cytokines such as TNF-a and
IL-12 increased over time after the transplant and, at 5
days after transplantation, were significantly higher in
mice that received C57BL/6 T lymphocytes than in those
transplanted with aly/aly cells. The differences were not
seen at earlier time-points. IL-2 levels also increased in
mice that received a C57BL/6 transplant. More interesting-
ly, IL-2 levels did not increase in mice that received aly/aly
cells (Figure 6). The production of cytokines associated
with GVHD was, therefore, severely impaired when
aly/aly T lymphocytes were transplanted into mismatched
recipients. We found no differences in the amount of cir-
culating IL-4 (Th2 cytokine), nor in IL-10 or in IL-6, at any
time during the first 5 days after transplantation (Online
Supplementary Figure S4).

Discussion

There are few reports about the role of NIK in human
diseases. Uncontrolled NIK expression has been found in
primary samples of human multiple myeloma®* and T-cell
acute lymphoblastic leukemia and Hodgkin’s disease.” In
the present study we found that T lymphocytes infiltrating
the skin and colon of patients with GVHD expressed NIK.
The levels of NIK were very low or undetectable in basal
conditions"” (Figure 1). NIK expression does not necessarily
mean a direct role of NIK in GVHD, so we tested the effect
of deleting NIK in an in vivo model of the disease. T lym-
phocytes with an inactive NIK protein were unable to
mount a pathogenic graft-versus-host reaction in a murine
model of fully mismatched allogeneic transplantation.




Murine models have also suggested a role of NIK in
immune diseases. NIK” mice were completely resistant to
antigen-induced arthritis, suggesting a role of NIK in
rheumatoid arthritis.” NIK was also relevant in a murine
model of experimental autoimmune encephalomyelitis.”
Donor T lymphocytes have a major role in the patho-
physiology of GVHD.® After infusion, donor T cells under-
go activation upon alloantigen presentation by antigen-
presenting cells and then clonally expand. The earlier
moments after donor cell infusion are crucial for GVHD
development. In vivo studies have shown that donor T
lymphocytes first reach the lymphoid organs, then
expand, and eventually migrate to the host target tissues
of GVHD (skin, liver, gut).” Thus, the capacity to migrate
to the lymphoid organs where antigen-presenting cells
reside and the capacity to sustain a clonal expansion after
antigen encounter are of vital importance for GVHD to
occur. In our experiments, all recipient mice received the
same numbers of the major cell populations with a known
role in GVHD, such as naive T lymphocytes”" and NKT
cells.” The total numbers of NKT cells transplanted were
not different comparing aly/aly and C57BL/6 donors in our
long-term experiments. We infused purified T lympho-
cytes (depleted of NKT cells) in the 5-day experiments. It
has been reported that NIK have a different role when
considering isolated naive T cells or a mixture of naive
plus memory T lymphocytes.” In particular, CD4*CD44"e
(memory) cells from aly/aly or NIK” mice were suppres-
sive both in vivo and in vitro, while CD4*CD44°" (naive)
cells had increased expansion and made more IL-2. We
transplanted purified CD44-depleted (naive) T lympho-
cytes from either C57BL/6 or aly/aly donors to rule out the
possibility that memory CD44"" CD4 cells from aly/aly
mice could interfere with their naive counterparts. The
results were completely similar to those found when
unseparated T lymphocytes were infused, confirming that
the NIK-deficient naive T cells were incapable of inducing

IL-12
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GVHD upon transplantation in mismatched recipients.
Interestingly, NIK seemed to be more important for the
expansion of effector T lymphocytes than for that of cen-
tral memory T cells. Our experiments did not distinguish
whether the aly/aly T lymphocytes that survived and
expanded moderately in vivo may represent a particular
subpopulation, or may indicate that NIK deficiency can be
overcome by unknown cellular mechanisms. Some
reports have indicated that NIK kinase deficiency resulted
in the development of a subset of regulatory T cells with
enhanced proliferative capacity upon glucocorticoid-
induced TNF receptor family-related gene stimulation.”
This CD4 T lymphocyte subpopulation has regulatory
capacity and its proliferation is IL-2-independent. We did
not study this particular T-cell subset in our i vivo experi-
ments, but we found that the expansion of both CD4 and
CD8 T lymphocytes, particularly those with an effector
phenotype, was impaired. Although we cannot definitive-
ly discard a contribution of altered cell subpopulations in
aly/aly mice, we think that the inability of aly/aly T lym-
phocytes to induce GVHD in a mismatched model was
not due to major differences among the subpopulations
infused, but to intrinsic functional defects related to the
absence of a functional NIK protein.

We studied the fate of donor T lymphocytes in the first
days after transplantation to assess the effect of an inactive
NIK protein on the capacity of T lymphocytes to migrate
to lymphoid organs. It has been reported that aly/aly B
lymphocytes have a defect in migration to secondary lym-
phoid organs (spleen, peritoneum). Chemokine and
chemokine-receptor expression seem to be normal, but
chemotactic responses are impaired.” We found the same
numbers of donor aly/aly and C57BL/6 T lymphocytes in
the spleens of recipient mice at the earliest time evaluated,
arguing against a defect in the capacity to engraft into lym-
phoid organs. We did not evaluate the capacity for second-
ary migration to peripheral organs, since the primary

Figure 5. Thl cytokine produc-
* tion is severely impaired in mice
transplanted with aly/aly T lym-
phocytes. The levels of circulat-
ing IL-2, IL-12, IF-y and TNF-a. in
Balb/c mice transplanted with
C57BL/6 (black circles) or
aly/aly (white circles) purified T
lymphocytes. Three mice per
time-point per group. Results

show the mean * standard error.
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defect was found in T-cell expansion, and migration stud-
ies would have been confounded by the different rates of
cell expansion.

Since NIK activity seemed dispensable for T-cell engraft-
ment, we next studied whether it would be needed for T
lymphocyte expansion. We found that the number of
aly/aly T lymphocytes increased from day +1 to day +5,
but to levels significantly lower than those of controls.
Cell expansion is the result of cell proliferation and cell
apoptosis. We monitored cell proliferation by analysis of
CFSE dilution, and found that NIK deficiency was not nec-
essary for T lymphocyte proliferation. Using a NIK knock-
out mouse model and CFSE dilution to assess cell prolifer-
ation, it was also recently found that NIK was dispensable
for T lymphocyte proliferation in a murine model of
experimental autoimmune encephalomyelitis.” The apop-
tosis of aly/aly T lymphocytes was higher than that of con-
trols, at the earliest time after transplantation. Cell num-
bers increase exponentially during clonal expansion; elim-
ination of cells at initial divisions should, therefore, have
the most detrimental effect on total output. We reason
that the significantly lower numbers of aly/aly T cells
recovered 5 days after infusion were due to the higher
numbers of dead cells during the preceding days. This
may be related to the lower IL-2 concentration found in
aly/aly mice and the poor ability to release IL-2 shown in
this study and previously described.”” T-cell apoptosis
linked to T-cell activation is a process known as activa-
tion-induced cell death.***" T lymphocytes are resistant to
activation-induced cell death in the earliest period after
activation.” However, we found that aly/aly T lympho-
cytes had a higher rate of apoptosis than controls immedi-
ately after transplantation, suggesting that NIK may be
needed to maintain survival of recently activated T lym-
phocytes. NIK may directly control apoptosis through its
ability to modulate NF-kB. Several molecular pathways
have been implicated in the resistance or sensitivity of T
lymphocytes to activation-induced cell death.** NF-xB
has been directly involved, either by activating the expres-
sion of anti-apoptotic genes (bcl-xL,** cFLIP¥), or by
inhibiting the expression of pro-apoptotic ones (p73).” It
has been suggested that NF-kB has to be inactivated in
order for activation-induced cell death to occur.®
Hematopoietic progenitor kinase 1 is a protein that can
switch between resistance and sensitivity to activation-
induced cell death by inactivating NF-kB.* Activation of
NF-«B through the canonical pathway has been previous-
ly implicated in the viability of activated T lymphocytes.*
Our results are the first to show that NIK is involved in the
survival of recently activated T lymphocytes.

In addition to the detrimental effect of NIK deficiency in
T lymphocyte survival during the first steps of GVHD, we
found a low production of inflammatory cytokines (IL-2,
IEN-y, TNF-a, IL-12) in the serum of mice transplanted
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